We have fabricated mid-wave infrared photodetectors containing InAsSb absorber regions and AlAsSb barriers in n-barrier-n (nBn) and n-barrier-p (nBp) configurations, and characterized them by current-voltage, photocurrent, and capacitance-voltage measurements in the 100-200 K temperature range. Efficient collection of photocurrent in the nBn structure requires application of a small reverse bias resulting in a minimum dark current, while the nBp devices have high responsivity at zero bias. When biasing both types of devices for equal dark currents, the nBn structure exhibits a differential resistance significantly higher than the nBp, although the nBp device may be biased for arbitrarily low dark current at the expense of much lower dynamic resistance. Capacitance-voltage measurements allow determination of the electron concentration in the unintentionally-doped absorber material, and demonstrate the existence of an electron accumulation layer at the absorber/barrier interface in the nBn device. Numerical simulations of idealized nBn devices demonstrate that photocurrent collection is possible under conditions of minimal absorber region depletion, thereby strongly suppressing depletion region Shockley-Read-Hall generation.
INTRODUCTION
Much of the recent improvement in performance of mid-and long-wavelength infrared photodetectors has been enabled by the application of bandgap engineering to reduce dark currents. In particular, large-bandgap barrier layers have been employed with the intent of reducing diffusion currents, depletion-region Shockley-Read-Hall (SRH) generation, and leakage currents in these devices. [1] [2] [3] [4] A recently-demonstrated mid-wave photodetector utilizes a unique alignment of conduction and valence bands in the InAsSb/AlAsSb materials system to provide a large conduction band barrier that blocks electron flow in an n-barrier-n (nBn) design, eliminating the need for a p-n junction, while the barrier also provides a simple means for isolating devices. 5, 6 The zero-bias nBn device band diagram is illustrated in Figure 1 . For materials systems where a very large conduction band barrier is not achievable, a barrier approach similar to that of the nBn but in an nBp configuration (with p-type contact layer) may be preferable from the perspective of reducing the electron dark current resulting from thermionic emission over the barrier under reverse bias, as well as allowing operation at zero bias. In this work, we have fabricated mid-wave InAsSb/AlAsSb infrared photodiodes in both the nBn and nBp configurations and characterized them to understand differences in their behavior resulting from the choice of contact layer polarity, as well as to determine some properties of the epitaxial materials. In addition, we have performed finite element numerical simulations of idealized devices to better understand the characteristics of this class of photodetector, and in particular to clarify the mechanisms that dominate dark current generation.
PHOTODETECTOR FABRICATION AND MEASUREMENT
Epitaxial layers for the nBn and nBp devices were grown by molecular beam epitaxy on (100) oriented Te-doped GaSb substrates. The epitaxial structures consisted of a 50 nm unintentionally-doped GaSb buffer layer followed by a 2000 nm unintentionally-doped InAsSb absorber layer, a 100 nm unintentionally-doped AlAsSb barrier layer, a 20 nm unintentionally-doped InAsSb layer, and a doped cap layer sequence. For the nBn device, the cap layer sequence consisted of a 60 nm InAsSb layer with Si doping graded from 1×10 17 cm -3 to 1×10 18 cm -3 , followed by a 20 nm layer doped with Si to 1×10 18 cm -3 . For the nBp device, the cap layer sequence instead consisted of a 60 nm InAsSb layer with Be doping graded from 1×10 18 cm -3 to 5×10 18 cm -3 , followed by a 20 nm layer doped with Be to 5×10 18 cm -3 . The InAsSb and AlAsSb were grown slightly strained with respect to the GaSb substrate. Devices were fabricated by photolithographically defining metal contacts and etching 500×500 μm 2 mesas in the top InAsSb layers. On some devices, the top contacts covered only a portion of the mesa to allow front-side illumination. No dielectric surface passivation layers were applied. Devices were packaged and wire bonded to allow measurements to be performed in a cryostat.
Current-voltage (I-V) measurements were performed either in the dark or with illumination provided by an 800˚C blackbody source that was bandpass filtered in the 3-5 μm range. Capacitance-voltage (C-V) measurements were performed at a frequency of 1 MHz at 160 K on devices with full contact metal coverage.
DETECTOR CHARACTERISTICS
On the left of Figure 2 , dark current-voltage (I-V) characteristics are shown for the nBn device over the range 100-200 K in increments of 20 K. Four distinct current regions appear at temperatures below 180 K. At biases between approximately -2.0 and -0.9 V the current is not strongly temperature-dependent, varying by approximately a factor of 10 over this temperature range, but it is strongly dependent on bias. For biases between approximately -0.9 and -0.3 V the dark current is strongly temperature-dependent, but it is relatively insensitive to bias. In the bias range from approximately -0.3 to -0.1 V the current is both strongly temperature-and bias-sensitive. This "shoulder" region is not obvious for temperatures above 160 K. Finally, at biases between -0.1 and 0.0 V, the current is again both strongly temperature-and bias-sensitive, but with a higher bias slope than the region -0.3 to -0.1 V. It should be noted that at 100 and 120 K the dark current is not zero at zero bias. We believe that the nonzero current arises from the storage and release of charge in traps within the AlAsSb barrier layer. Figure 2 also shows dark I-V characteristics for the nBp device. At large reverse bias, the characteristics are similar to the corresponding region in the nBn case. In the bias range from -0.6 to -0.1 V, the characteristics are similar to those in the -0.9 to -0.3 V range of the nBn. The nBp has no region corresponding to the shoulder observed in the nBn at biases between -0.3 to -0.1 V. In the region between -0.1 and 0.0 V, the nBp characteristics are again similar to the nBn. The absence of current at zero bias in the nBp case suggests that charge trapping in the nBn barrier may result from electron injection from the n contact layer under reverse bias, whereas in the nBp case the low electron concentration in the p contact layer does not allow electron injection under these conditions. Finally, it should be noted that, for a given bias and temperature, dark currents are somewhat lower for the nBn devices in the low-bias regions. Figure 3 directly compares dark current and photocurrent I-V characteristics for both devices at 160 K. The most significant difference in the reverse dark current characteristics, as described above, is that the nBp lacks the shoulder displayed by the nBn in the -0.3 to -0.1 V range. In the case of photocurrent, both devices exhibit similar maximum responsivities, but achieving maximum responsivity in the nBn requires the application of a substantial reverse bias, while responsivity of the nBp is near its maximum value even at zero bias. For the nBn, the bias required to achieve a responsivity equal to approximately 95% of its maximum value is indicated in the figure. At this bias, the dark current is in the shoulder region, with a dark current significantly less than both the nBp dark current at this bias and the nBn dark current in the -0.9 to -0.3 V range. Dark currents for the two devices over the 100-200 K temperature range are compared at biases of -1.4 and -0.35 V in Figure 4 . For the nBn, dark current vs. temperature is also shown at the bias point that results in 95% of the maximum responsivity at each temperature. This bias varies from -0.17 V at 100 K to -0.13 V at 200 K, and is in each case within the shoulder region (at temperatures where it exists) of the dark I-V characteristics. Also shown are curves representing currents that are proportional to T 3/2 exp(-E g /2kT) and T 3 exp(-E g /kT), described hereafter as "E g /2kT" and "E g /kT", respectively. Here E g is the temperature-dependent InAsSb bandgap, k is the Boltzmann constant, and T is the temperature. The temperature dependence of the bandgap is obtained from the literature 7 , and the bandgap at 200 K is assumed to be 0.294 eV, corresponding to a wavelength of approximately 4.2 μm. As described above, at a bias of -1.4 V the dark currents are not strongly temperature-dependent. This suggests that current in this region originates primarily from a tunneling mechanism. At -0.35 V, both devices are biased in the region where the current is biasinsensitive but temperature-sensitive. In this case, the current follows approximately the E g /2kT relationship below approximately 180 K, indicating that the dark current is dominated by depletion region SRH generation at these temperatures. At higher temperatures, the slope of this characteristic increases, approaching the E g /kT dependence that would be expected for a diffusion current. Finally, for the nBn biased near maximum responsivity, the dark current follows the E g /kT dependence for temperatures above ~140 K, indicating that it also is a diffusion current. Noise in these devices operating at significant reverse bias may be dominated by dark current shot noise, but since the nBp is capable of operation at zero bias and zero dark current, a comparison of dynamic resistance of the two detectors may be useful. Figure 5 shows a comparison of dynamic resistance as a function of dark current over regions of bias where the devices have close to maximum responsivity. For any given dark current, the dynamic resistance of the nBn device is somewhat higher than the nBp, suggesting that it will also have lower noise current. The dynamic resistance of the nBp at zero bias is approximately an order of magnitude less than the dynamic resistance of the nBn biased for high responsivity, indicating that the reduction in shot noise achieved by operating the nBp at zero bias may be offset by an increase in Johnson noise. Both the absorber InAsSb and the barrier AlAsSb in these devices were not intentionally doped, yet the doping of these materials may have a profound effect on the characteristics of the detectors. For biases that result in complete depletion of the barrier layer, we expect the device capacitance to be given by the series combination of the barrier layer capacitance and the InAsSb depletion layer capacitance, including any small depleted InAsSb layer on the top contact side of the barrier. This capacitance may be expressed as where c is the total capacitance, c abs is the capacitance of the depleted InAsSb layers, and c bar is the capacitance of the barrier layer. We believe that the depletion of the InAsSb will be primarily on the absorber side of the barrier under reverse bias conditions. The component capacitances may be expressed as where n is the electron density, q is the electron charge, and V is the applied bias. 8 Based on this analysis, we have extracted plots of electron density vs. InAsSb depletion layer thickness shown in Figure 6 . The relative permittivity for InAsSb is derived from linear interpolation of InAs and InSb values taken from the literature. 9 We have also plotted applied bias as a function of InAsSb depletion layer thickness in this figure. The InAsSb doping density may be derived by observing the electron density for InAsSb depletion depths in the 0.2-1.0 μm range. A donor concentration of approximately 2×10 15 cm -3 is obtained for both devices in this way. This represents either an unintentional impurity density or electrically-active defect density incorporated during the epitaxial growth. Due to the difficulties of performing Hall measurements on InAs and InAsSb, which tend to form high electron sheet charge densities at free surfaces due to surface Fermi level pinning, 10 we do not have a reliable independent measure of the background doping in these materials.
In the case of the nBp device, the zero-bias InAsSb depletion layer thickness is approximately 0.15 μm due to the relatively large built-in voltage of this structure, whereas at zero bias the nBn has a negligible absorber depletion layer thickness, and in fact exhibits electron accumulation at the absorber/barrier interface. This accumulation layer may arise either from a high donor density at that interface, electron transfer from defects or impurities in the large-bandgap AlAsSb barrier layer, or it may be induced by the built-in voltage of the structure. Some evidence for electron transfer from the barrier layer is provided by previous observations of similar electron sheet charges in nominally undoped AlSb/InAs heterostructures.
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In Figure 4 , we plotted dark current as a function of temperature for both devices, and observed that the slope suggested that at a bias of -0.35 V both were dominated by depletion region SRH generation below 180 K. Based on the C-V analysis and Figure 6 , we can extract depletion layer thicknesses of approximately 0.11 and 0.51 μm for the nBn and nBp, respectively, at 160 K and -0.35 V bias. In both cases, this indicates that depletion region SRH generation may constitute a substantial portion of the dark current, thus confirming our original observation.
In addition, it can be seen that the electron accumulation at the absorber/barrier interface in the nBn is depleted with a bias of approximately -0.3 V, corresponding to the boundary between the shoulder region and the region where the dark current becomes bias-insensitive in Figure 2 . This implies that the reduction in dark current for the nBn in the shoulder region is related to the existence of the electron accumulation layer at the interface, which also implies insignificant absorber depletion and a lack of depletion region SRH generation. The nBp has no interfacial accumulation layer at zero bias because the larger built-in voltage of the n-p structure depletes it, and therefore no shoulder region appears in the dark I-V characteristics.
NUMERICAL SIMULATION
To better understand the potential performance characteristics of these devices and improvements they may provide over more conventional designs, we have performed numerical drift-diffusion simulations of nBn, nBp, and n-p homojunction (InAsSb) devices using a commercial device simulator. 12 Values for parameters including bandgap, dielectric constants, effective masses, mobilities, and recombination coefficients have been taken from the literature or material-specific simulator defaults. 7, 9, [13] [14] [15] The temperature dependence of the InAsSb bandgap was included. 7 Based on experimental variations in the performance of devices with a variety of barrier compositions (not shown here), we believe the devices fabricated in this work have an absorber/barrier valence band discontinuity close to zero, so we have adjusted the electron affinities from their literature values to yield zero valence band offset in our simulations.
Simulations included radiative, SRH, trap-assisted tunneling, and Auger generation and recombination in the InAsSb, while generation/recombination mechanisms in the barrier were assumed to be negligible. Band-to-band tunneling effects were not included, primarily due to the apparent absence of reliable tunneling model parameters for InAsSb in the literature. Fermi statistics were employed. Photocurrents were simulated with depth-dependent generation approximating back-side illumination with an appropriate absorption coefficient. Strain-induced changes to parameters, surface pinning effects, and quantum confinement effects were all neglected. Donor and acceptor concentrations were taken as the nominal growth recipe values, except that the absorbers were assumed to be n-type at 2×10 15 cm -3 as derived from the C-V measurements, and the central 80 nm of the barriers was assumed to be n-type at 4×10 15 cm -3 . Simulated currents were scaled to the area of experimental devices. The bias range was -0.6 to 0.0 V, to exclude the region where tunneling may be significant since it is not included in the model. Temperature-independent Shockley-Read-Hall lifetimes of 500 ns were chosen. With these lifetimes, SRH is the dominant generation process in these simulations from 100-200 K.
In order to focus on the intrinsic performance of these devices, we have included in all simulations an n+ InAs valence band barrier layer between the InAsSb absorber layer and the back n-type contact. This has the effect of eliminating the contribution of back-contact hole generation to the diffusion current. In the real devices, no such barrier was included; the experimental back contact consisted of an undoped GaSb buffer layer, n-type GaSb substrate, and a remote metal contact. The InAsSb/GaSb interface is believed to have a type-II band alignment, 7 and a high-fidelity treatment of this as a boundary condition for simulation is beyond the scope of the current work. We believe that a barrier approach similar to that used for the simulation could be employed to isolate the remainder of any real device from hole generation that may occur at this interface. Nevertheless, the experimental contribution of this back interface to device currents is a possible source of deviation between simulated and experimental results. For the case of the n-p homojunction device, we have also included a p+ InAs conduction band barrier layer to isolate the p-type contact in order to eliminate its contribution to the electron diffusion current. With the inclusion of this barrier, the p-type contact contributes less than 1% of the total reverse-bias electron current, but the high doping in the barrier leads to a significant component of Auger generation at higher temperatures. The remainder of the p-type region is made thin (0.06 μm) and relatively highly-doped (1×10 17 cm -3 ) to make its contribution to the device dark current negligible.
nBn
The left portion of Figure 7 shows simulated dark I-V curves for the nBn structure at temperatures between 100 and 200 K. First, we note that the current for a simulated device at 160 K with a bias of -0.35 V is similar to that measured experimentally (~2×10 -8 A). The characteristics at each temperature exhibit a current plateau for biases of approximately -0.15 to -0.07 V, and another relatively bias-insensitive region in the -0.6 to -0.35 V range. The ratio of currents between these relatively flat regions is greater at lower temperatures, and they have nearly merged at 200 K.
Simulated photocurrent response at 160 K is also shown in Figure 7 , scaled arbitrarily. Saturation in the responsivity is achieved for a bias of approximately -0.07 V, where the dark current also begins to plateau. This demonstrates that a bias that brings the dark current into the lower current plateau is sufficient to achieve full responsivity. In addition, biasing in this plateau region will also by definition provide a high differential resistance, so this is expected to be an optimal bias point for signal-to-noise ratio. Figure 7 . Simulated dark I-V (left) and dark current vs. temperature at two bias points (right) for the nBn device.
Shown on the right in Figure 7 is the temperature dependence of dark current for biases of -0.12 and -0.35 V for the simulated device. Note that from the discussion above the device has full responsivity at both bias points. At a bias of -0.12 V, the dark current has a dependence close to E g /kT, while at a bias of -0.35 V, the dependence is E g /2kT. At both biases, the slope increases slightly at higher temperatures. This suggests that the dark current at a bias of -0.12 V originates from SRH generation in the undepleted absorber region, even at 100 K, while at a bias of -0.35 V it is dominated by SRH generation in the depletion region, with a small diffusion component at higher temperatures. We further examine this by inspecting SRH generation rates in the device at 120 K. Figure 8 shows these generation rates as a function of position at both biases. A position of 2.19 μm marks the absorber/barrier interface, and the value for position increases toward the surface. We can clearly see that at a bias of -0.35 V the SRH generation rate is much higher near the barrier interface than in the remainder of the absorber region. In contrast, for a bias of -0.12 V, although it still peaks at the absorber/barrier interface, SRH generation occurs predominately in the neutral absorber region where it results in a diffusion current. Examination of the electron density near the absorber/barrier interface at 120 K in Figure 9 shows that at a bias of -0.35 V a portion of the absorber near the barrier interface is strongly depleted, while at a bias of -0.12 V (in the plateau region) this portion of the barrier is only weakly depleted, as would be expected from the SRH generation rates. At either of these biases, the electric field and hole density gradient (not shown) in this region are sufficient to allow efficient collection of photogenerated holes. At zero bias, there is an electron accumulation layer at the interface, and the electric field in both the barrier and region of the absorber near the barrier are reversed, impeding collection of photogenerated carriers. 
nBp
Simulated I-V curves from 100-200 K for the nBp device are shown on the left side of Figure 10 , along with the simulated current for an illuminated device at 160 K. The photocurrent curve has been normalized using the same factor that was applied in the case of the nBn device. In the region from -0.6 to -0.3 V bias, the characteristics are quite similar to those of the nBn, although the current is slightly higher. From -0.3 to 0 V, the nBp does not exhibit the lower-current plateaus seen for the nBn case, so the currents are significantly higher. The photocurrent is flat across the entire bias range, and essentially equal to the maximum photocurrent observed for the nBn, indicating that there is no difference in maximum responsivity for the two types of devices. The right side of Figure 10 shows the simulated nBp dark current for biases of -0.12 and -0.35 V as a function of temperature. At a bias of -0.12 V, the simulated differential resistance (not shown) is within a factor of two of its maximum value at 160 K. In contrast to the nBn, in the nBp the temperature dependence for both biases is the same. At low temperatures, the temperature dependence is clearly E g /2kT, indicating SRH generation in the depletion region, while at higher temperatures a significant diffusion component contributes to a slight steepening of the slope. Examination of the SRH generation rates (not shown) confirms that depletion region generation dominates the lowtemperature dark current at both biases, with a significant diffusion component at the higher temperatures.
n-p
Simulated dark I-V characteristics for the n-p device (not shown) are qualitatively very similar to the characteristics of the nBp, except that the currents are slightly (less than a factor of 2) higher at high temperatures. Responsivity of the n-p device is also nearly identical to that of the nBp. Figure 11 shows the temperature dependence of the dark current at biases of -0.12 and -0.35 V. The temperature dependence is quite similar to that of the nBp, except that the slope approaches E g /kT more closely in the 180-200 K region at a bias of -0.12 V. This is a result of Auger generation in the p-side contact electron barrier. Because it originates in the barrier layer itself there is no mechanism for blocking diffusion of generated electrons to the junction, so this contributes to the diffusion current at high temperatures. Figure 11 . Simulated dark current vs. temperature at two bias points for the n-p device.
DISCUSSION
Because we have not investigated, either experimentally or by simulation, the effects of the many sample design parameters on the performance of these devices, we first must caution that this comparison of nBn, nBp, and conventional n-p devices may not be sufficient to draw general conclusions about the merits of each type of device. Parameters such as doping and layer thickness can be expected to significantly affect the performance of these devices. In particular, doping in both the absorber and barrier layers in these nBn and nBp devices was uncontrolled, and further enhancement in device performance may be expected through an optimization of these and other parameters. On the other hand, the experimental evidence is sufficient to conclude that either the nBn or nBp approach is capable of producing isolated devices with dark currents not dominated by sidewall leakage, which is not easily achieved in a conventional etched mesa approach.
A comparison shows generally good agreement between experimental and simulated dark currents over the temperature range studied. A significant deviation occurs for both the nBn and nBp at high temperatures, where the experimental currents increase more rapidly with temperature than the simulated values. We speculate that an unmodeled diffusion current, perhaps from the absorber/substrate interface, contributes to this increase in current. Alternatively, a temperature-dependent SRH lifetime or inaccuracy in simulated Auger or radiative recombination coefficients may be responsible for this discrepancy.
At low temperatures, there is a qualitative difference in the I-V characteristics between the experimental nBn device and its simulation. In the simulations, a distinct diffusion-current-limited plateau exists at low temperatures, while in the experimental devices this is the shoulder region, with a relatively steep bias dependence. We believe this may be due to the existence of a small residual valence band discontinuity in this device, resulting from a deviation from the optimal barrier composition. This discontinuity may increase the bias required to extract holes from the absorber region, with the increased bias resulting in some depletion of the absorber and thus depletion region SRH generation.
Independent of the device type or whether the results are experimental or simulated, dark current characteristics in the bias range of -0.6 to -0.3 V are similar, and clearly indicate that at these biases the currents are dominated by SRH generation in the absorber depletion region. Based on the ratio of the experimental and simulated nBn dark current densities in the 120-140 K range, we estimate that the experimental SRH lifetime in the absorber is approximately 600 ns, demonstrating the relatively high quality of the InAsSb material.
The nBn device offers the clear advantage of exhibiting a bias range where a diffusion-dominated dark current, high differential resistance, and high responsivity are all simultaneously achievable. Based on both measurements and simulation, this dark current region results from conditions where holes are extracted from the absorber across the barrier while the absorber is at most only weakly depleted. In this case, SRH generation in the absorber near the barrier occurs at a rate much less than under conditions of strong depletion, and the dark current is dominated by SRH generation occurring in the undepleted absorber where the E g /kT temperature dependence prevails. This is of course desirable from the standpoint of minimizing the device cooling requirements for any given dark current. At a temperature of 200 K the simulations indicate that operating at a bias producing these conditions leads to a reduction in dark current by a factor of approximately 5 for the nBn we have studied relative to the comparable n-p device at the same bias, while at 140 K this factor increases to approximately 150. At temperatures above 200 K, we expect that the advantage of the nBn resulting from the suppression of depletion region SRH will further shrink, although it will maintain the advantage of not having the electron diffusion current originating from the p side in the n-p device.
Characteristics of the nBp device closely resemble those of the n-p structure. The absence of a diffusion-currentdominated region at low temperatures is related to the larger built-in voltage of this device, which results in substantial depletion of the absorber layer even under zero-bias conditions. Application of sufficient reverse bias to raise the differential resistance of this device to a level comparable to that of the nBn causes strong depletion of a portion of the absorber layer, with a consequence of a high level of depletion-region SRH generation. Because the barrier in the nBp is effective at blocking the electron diffusion current that would otherwise originate on the p side, it has an advantage over the n-p structure of suppressing p-side Auger generation current.
CONCLUSIONS AND ACKNOWLEDGEMENTS
We have employed a combination of experiment and simulation to compare nBn, nBp, and conventional homojunction InAsSb mid-wave infrared photodetectors. The performance of the nBn and nBp devices demonstrates that the heterojunction barrier approach enables the fabrication of detectors with performance not limited by parasitic sidewall leakage. The characteristics of the nBp device are similar to those that would be expected from a passivated homojunction device with contact generation suppressed. The nBn device allows a further suppression of dark current through a mode of operation where depletion region SRH generation is strongly suppressed. This suppression is achieved under conditions where photocurrent is efficiently collected while minimal depletion occurs in the absorber region.
